The surface and the solid/liquid interface of two polyamide membranes, one experimental (B0) and one commercial (NF45), have been characterized by X-ray photoelectronic spectroscopy (XPS), atomic force microscopy (AFM), and ζ potential, respectively. The surface roughness, determined by AFM data analysis, is different for the two membranes, and results show that the commercial NF45 membrane presents a much lower roughness than the experimental B0 membrane. XPS data indicate that the surface of membrane NF45 is similar to that of pure polyamide, while membrane B0 contains a considerable amount of impurities. The homogeneity in depth of both membranes was also studied by determining the composition profile at different analysis angles. Streaming potential along the membrane surface or tangential streaming potential (TSP) measurements with NaCl solutions at different concentrations were carried out with both membranes to determine the ζ potential and the electrokinetic surface charge density, and a correlation between membrane surface and interface parameters is made. Some differences in atomic concentrations of membrane surface elements and X-ray photoelectronic spectra of the samples used in TSP measurements and after a drying process at 90
INTRODUCTION
Membrane separation techniques are now commonly used in many industrial processes, and different materials and mem- 1 To whom correspondence should be addressed.
brane structures are being investigated to obtain, for a given process, the highest retention and flux, retention and flux being two of the major parameters that characterize membrane performance (1, 2) . These two parameters depend to a large extent on membrane morphology and surface chemistry, although in the case of transport of electrolyte solutions through membranes, the electrical membrane/solution interaction is also a relevant factor and, in turn, the surface charge of a membrane is another important parameter (3) (4) (5) (6) (7) (8) .
Membrane surface charge density can be determined from electrokinetic measurements (streaming potential and electroosmosis) which allow determination of the zeta potential (ζ ) or electrical potential at the shear plane. Moreover, other characteristic parameters for the solid phase (the membrane) such as the Gibbs free energy and the density of accessible sites per unit of membrane area can also be determined from electrokinetic parameters if an adsorption model is considered (9, 10) . ζ potential is the parameter commonly used to study changes in the membrane surface due to the adsorption/deposition of particles (membrane fouling) or even chemical modifications able to affect the surface charged groups (11) (12) (13) . However, significant differences in electrokinetic parameters have also been reported for similar membranes and hydrodynamic and chemical conditions even when no fouling or chemical changes exist, and these have been attributed to possible differences in measuring cells and procedures, membrane preservation, surface impurities, etc. (14, 15) .
To study possible morphological and chemical changes in the membranes due to their use in contact with aqueous solutions at different salt concentrations, different surface analysis techniques can be used. Comprehensive characterization of membrane surfaces requires a multi-instrumental approach, as no individual surface analysis technique can ascertain both the chemical and morphological natures of their surfaces. Membrane surface characterization (topographic and chemical) can be carried out by scanning electron microscopy (SEM) and/or atomic force microscopy (AFM), when a higher spatial resolution is necessary, as can be conclude from the wide use of the latter technique in membrane characterization (16) (17) (18) , and X-ray photoelectron spectroscopy (XPS) (19) (20) (21) . Recently, the hydration of a commercial ion-exchange membrane, Nafion, was studied with two complementary techniques: AFM and smallangle X-ray scattering; both techniques indicated that the number density of ionic clusters changes as a function of water content (22, 23) . On the other hand, the combined use of XPS and AFM allows the characterization of porous Nylon membranes coated with a crosslinked polysiloxane and modified by exposure to ultraviolet light (24) ; both techniques were also applied to study purple membranes deposited on gold (25) .
The aim of this work is the surface characterization by different techniques of two composite polyamide/polysulfone membranes, one commercial and the other experimental. The arrangement of charge on the membrane surface and other characteristic membrane/solution interfacial parameters were investigated by streaming potential measurements along the membrane surface or tangential streaming potential (TSP), while the surface chemical and topographic characterizations of the membranes were carried out by XPS, SEM, and AFM, respectively. Three series of TSP measurements were made with the membranes in contact with NaCl solutions at different concentrations (5 × 10 −4 ≤ C(M) ≤ 10 −2 M), keeping the membranes in distilled water for 48 h between two series of measurements. Changes in the electrokinetic parameters among the three series of measurements can be correlated with morphological differences between both membranes and with the chemical changes observed in the membrane surfaces after being used in streaming potential measurements (polymer hydration).
MATERIALS AND METHODS

Materials
Two different types of membranes were studied: (i) a commercial composite polyamide/polysulfone nanofiltration membrane from FilmTec, called NF45; and (ii) an experimental composite polyamide/polysulfone membrane prepared at the Department of Analytical Chemistry, Universidad Autónoma de Barcelona (Bellaterra, Spain), and kindly supplied by Dr. M. Valiente and Dr. M. Muñoz, which will hereafter be called B0. The polysulfone membrane was obtained by using the phase inversion technique and the polyamide top layer was prepared by interfacial polymerization from an aqueous solution of 1,3-phenylenediamine. Finally, the composite membrane was water washed and dried at 60
• C for 10 min. A more detailed description of membrane B0 is reported elsewhere (26) .
Surface Characterization of Membranes
To examine the morphology of the membrane surfaces, a number of scanning electron micrographs were recorded using a JEOL JSM-6400 scanning electron microscope. Flat samples were coated with a thin layer of gold before examination by microscopy. A NanoScope Multimode Illa (Digital Instruments) atomic force microscope was also used to study the surface of the samples. The membrane surfaces were imaged in a noncontact mode in air. Images were recorded and treated using NanoScope V4.23 software, which also provides roughness values (27) . Several measurements (more than three) of each sample were carried out. The average roughness (R a ) and the standard deviation of the highness (R q ) values for the two membranes were obtained from the analysis of several pictures to obtain a mean value, taking into account that topographical properties can be slightly different in different areas of the membrane. The scanned areas measured 15 × 15 µm 2 , a large enough membrane surface to obtain a constant value for the roughness without any dependence on the scanned areas (28, 29) .
Surface chemical characterization was carried out by XPS. X-Ray photoelectron spectra were obtained using a Physical Electronics PHI 5700 spectrometer with nonmonochromatic MgK α radiation (300 W, 15 kV, 1253.6 eV) as excitation source. High-resolution spectra were recorded at different takeoff angles relative to the membrane surface, by a concentric hemispherical energy electron analyzer operating in the constant pass energy mode at 29.35 eV, using a 720-µm-diameter analysis area. Under these conditions the Au 4 f 7/2 line was recorded with 1.16 eV FWHM at a binding energy of 84.0 eV. The spectrometer energy scale was calibrated using Cu 2 p 3/2 , Ag 3d 5/2 , and Au 4 f 7/2 photoelectron lines at 932.7, 368.3, and 84.0 eV, respectively. Charge referencing was done against aromatic carbon (C 1s 285.0 eV) (30) . Membranes were mounted on a sample holder without adhesive tape and kept overnight at high vacuum in the preparation chamber before they were transferred to the analysis chamber of the spectrometer for their analysis. Each spectral region was scanned several sweeps until a good signal-to-noise ratio was observed, and survey spectra in the range 0-1200 eV were also recorded at 187.85 eV of pass energy. For each membrane, XPS analysis was carried out three times using different samples. Membranes were irradiated separately and for a maximum of 20 min to minimize X-ray-induced sample damage. The pressure in the analysis chamber was maintained lower than 5 × 10 −6 Pa. The PHI ACCESS ESCA-V6.0 F software package was used for acquisition and data analysis. A Shirley-type background was subtracted from the signals. Recorded spectra were always fitted using Gauss-Lorentz curves and following the methodology described in detail elsewhere (15, 20) , to determine more accurately the binding energy (BE) of the different element core levels. The spectra of C 1s, O 1s, and N 1s were fitted to two or more peaks to obtain a good fit of the spectra. Atomic concentration percentages of characteristic membrane surfaces elements were determined taking into account the corresponding area sensitivity factor (31) for the different spectral regions measured. For scaling reasons, the intensity of each spectrum was normalized at its maximum value in all spectral figures.
An in-depth analysis was carried out by varying the takeoff angle (α ) (30, 32, 33) taking into account the relation between the escape depth (d) and the photoelectrons mean free path (λ):
Although λ depends on electron kinetic energy (30) , for simplicity we consider the value for the mean free path of the C 1s photoelectrons excited with MgKα (KE ∼ 969 eV) in polyamide to be 3.2 nm (33, 34) , which enables us to obtain depths between 2.5 and 9.3 nm by varying the analysis angle between 15
• and 75
• .
Electrokinetic Characterization of the Membrane/Solution Interface
Tangential streaming potential measurements were carried out with an EKA analyzer (Anton Paar, Graz, Austria), which basically consists of: (i) a rectangular cell with a channel of welldefined dimensions (74 × 10-mm 2 section and 300 ± 10-µm thickness) created by the use of Teflon spacers between two membrane samples placed facing each other; (ii) a mechanical drive unit to produce and measure the pressure that drives the electrolyte solution from a reservoir into the measuring cell; and (iii) two Ag/AgCl electrodes, one at each end of the channel, to measure the induced streaming potential. Pressure was varied between 5 × 10 3 and 3 × 10 4 Pa. Electrokinetic measurements were carried out with the membranes in contact with NaCl solutions at different concentrations (5 × 10
• C), and at standard pH (5.8 ± 0.3). The streaming potential coefficient (φ = V / P) was determined from the average of at least 10 measurements. To use the Fairbother-Mastin correction for surface conductivity (35) , cell electrical resistance with the different NaCl solutions (R c ) and with a concentration high enough to assume no surface conductivity contribution (R a , when C = 0.1 M NaCl) were also measured using an ac bridge at 2.5-kHz constant frequency.
Three series of TSP measurements were carried out with each membrane for concentrations in the range previously indicated. After a complete series, the membrane was rinsed with running water until recovering distilled water conductivity; after that, before used in a new series of measurements, it was maintained for at least 48 h in distilled water.
RESULTS AND DISCUSSION
Surface Characterization
The scanning electron micrographs of membranes NF45 and B0 (Fig. 1) show the presence of different structures and roughness on the polyamide surface. From AFM images it is possible to determine the surface roughness in addition to other parameters such as size, shape, and density of the pores (27, (36) (37) . Figure 2 shows two-dimensional images of membranes NF45 and B0. As well as their SEM images, the grey color scale indicates the highness of the sample. It can be observed that there is not a well-defined pore structure in both membranes, but their surfaces are more or less rough due to the polymerization process. The structures observed by AFM are similar to those observed by SEM, but the former technique allows determination of the surface roughness since AFM images are in three dimensions. There are several definitions of surface roughness using the values of the tip highness in each point of the image (Z i ) over a reference baseline (Z ); the most common one used is the average roughness (R a ), which is defined as (27)
where Z m is the mean value of Z i . The standard deviation of the highness (R q ) is obtained from The R a and R q values are 15 ± 2 and 21 ± 2 nm for membrane NF45 and 119 ± 5 and 153 ± 6 nm for membrane B0. Therefore, the surface of the commercial NF45 membrane has a much lower roughness than the surface of the experimental B0 membrane. Three-dimensional AFM images can provide similar information (Fig. 3 ), but now it is possible to see that the shapes of the roughness crest in the two membranes are slightly different, which must be due to differences in the process of manufacturing the commercial and experimental membranes. It should be emphasized that the different surface roughnesses observed can affect the behavior of the membrane in contact with electrolyte solutions, particularly the membrane electrical parameters obtained by tangential streaming potential measure -FIG. 3 . Tridimensional AFM images of membranes NF45 and B0. ments, as higher roughness represents more surface in contact with the electrolyte solutions. In fact, the effect of high surface roughness on colloidal fouling of membranes has already been reported in the literature (38) .
The composite membranes studied consist of a thin layer of polyamide (≤1 µm) deposited on a polysulfone porous support (26, 39) . So, the chemical information obtained through XPS analysis is derived only from the near surface of the top layer, and the polysulfone layer is not probed; thus, the main chemical elements studied by XPS were C, N, and O (the polyamide characteristic elements). Table 1 shows their atomic concentration percentages in both membranes at a 45
• takeoff angle (NF45 and B0 samples). Membrane NF45 also contains S, but with an atomic concentration lower than 0.5%, and there is a slight excess of oxygen with respect to the corresponding theoretical ratio for polyamide (N/O = 1), which indicates a low content of impurities on the surface of this membrane. The surface of membrane B0 contains S, P (<0.5%), and Cl (<1%) in addition to the elements characteristic of the polyamide. This membrane exhibits a deficiency of oxygen and an excess of nitrogen with respect to the theoretical value of the polyamide. The excess of nitrogen and the presence of phosphorus and chlorine can indicate that solvents and washing agents were not completely eliminated during the process of manufacturing the experimental B0 membrane. Table 2 lists the different bands (four for carbon, two for oxygen, and three for nitrogen) obtained after curve fitting. The selection of these bands was done taking into account references that include XPS information on carbon-, oxygen-, and nitrogen-containing polymers (40) (41) (42) (43) (44) (45) (46) (47) (48) (49) (50) . Since polyamide is the only source of nitrogen for the membranes, it can be distinguished from amide groups of neutral polymers (N2), protonated or hydrogen-bonded amide groups (N3), and terminal amine groups (N1). The multiregion spectra of C 1s, O 1s, and N 1s for both membranes are shown in Fig. 4 , and Table 3 includes a summary of the XPS curve fitting parameters. Taking into account the previous values, we can assert that the surface of membrane NF45 is similar to that of a pure polyamide. By using the percentage area corresponding to the O1 and N2 peaks a N/O molar ratio of 0.928 was obtained. This value is closer to the theoretical value of 1 than that obtained by using the complete area of the O 1s and N 1s signals. The percentage of carbon corresponding to the C4 peak is also practically coincident with the amounts of amide oxygen and nitrogen. This means that 11% of the material studied by XPS corresponds to amide groups. The C2 peak is assigned to β carbons of the acidic groups used in the interfacial polymerization. The molar ratio C2/C4 is very close to 0.5, indicating that the acid monomer used in the interfacial polymerization contains three acid groups. As was previously indicated, membrane B0 presents a considerable amount of impurities. The amount of amide groups calculated from the C4 and O1 peaks is about 7%, whereas if the N2 peak is used, a higher value, 11%, is obtained. Since the adsorbed impurities can contain the three chemical elements of polyamide, it is difficult to give a value for the proportion of amide groups on this membrane.
To know the homogeneity in depth of the membrane surface, several spectra were taken at different analysis angles. The variation of atomic concentration as a function of the probed depth is shown in Fig. 5 . The shapes of the peaks at different analysis angles were also studied by the corresponding curve fitting analysis. The composition profile of membrane NF45 indicates the membrane is homogeneous along the depth studied, except in the more superficial region (<3 nm) where a deficiency of nitrogen and an excess of carbon were observed. By curve fitting, the percentage of carbon obtained from C3 and C4 peaks (basically C-O and amide groups, respectively) decreases, and that obtained from the C1 peak (aliphatic and aromatic carbons) increases. These results indicate the presence of aliphatic carbon and oxygen-rich groups on this membrane surface due to contamination. On the other hand, the N1 peak becomes slightly more intense at low analysis angle, which is indicative of a higher density of terminal chain groups on the surface of this membrane. The percentages of amidic carbon, oxygen, and nitrogen atoms, obtained from the C4, O1, and N2 peaks areas, are very similar at all the angles studied (∼11%) except at 15
The profile of membrane B0 also seems to be very homogeneous (Fig. 5) . The shapes of the peaks at different angles are very similar, except at low angle (15 • ), where C3 and C4 peaks lose intensity and the intensity of the O3 peak slightly increases in comparison to that of the O2 peak. These results suggest the presence of aliphatic carbons, water molecules, and other species derived from atmospheric contamination on the top surface of this membrane.
Correlation between the membrane surface and interfacial electrokinetic parameters, which are obtained with the membranes in contact with aqueous solutions, is one of the objectives of this article, as is discussed in the next section. Then possi- a BE and band descriptions are included in Table 2 .
ble chemical modifications of membrane surfaces as a result of their use in electrokinetic measurements were monitored by XPS. Table 1 also shows the atomic concentration percentages obtained at a 45
• takeoff angle for the samples used (NF45u and B0u), and those used and dried at 90
• C for 24 h (NF45u-(d) and B0u-(d)). In comparison with the fresh membranes, the used samples exhibit an increase in oxygen content (O/C ≈ 0.3, N/O ≈ 0.5); similar results were obtained for the heated samples. In the NF45u membrane there are other elements, such as Na + and Cl − (which appear mainly at the analysis angle of 15
• ); the atomic concentration of these elements was lower than 1%, and they are attributed to the contact of membrane with NaCl aqueous solutions. However, the surface of sample B0u does not contain other elements found in membrane B0 (for instance, phosphorus), which indicates that the continuous use of the membrane with aqueous solutions has cleaned its surface of remaining compounds used in the manufacturing process. Moreover, the molar ratio N/C decreases probably due to the elimination of aliphatic carbons from contamination or to a rearrangement of the polymeric chain in such a way that amide groups are located nearer the surface, leaving the aromatic ring inside. Figure 6 shows the C 1s, O 1s, and N 1s core level spectra for the different samples studied. As can be observed, the shape of the spectra of the polyamide characteristic elements is modified after contact with aqueous solutions. In the C 1s signal, a decrease in the aliphatic or aromatic carbon component (peak at lower BE) and an increase in the amidic carbon component were observed. This relative increase is more notorious in the case of the B0 membrane than in the NF45 membrane. Perhaps, this occurs because membrane B0 has more surface impurities than membrane NF45 as was previously indicated, and the cleaning effect enhanced the relative intensity of the amidic carbon peak. More interesting are the modifications observed in the O 1s signal in both membranes on contact with aqueous solutions. In both cases, the intensity of the peak at higher BE (O2) increases; this effect is so high in membrane B0 that the maximum of the O 1s signal shifts to higher BE due to the presence of adsorbed water (40) . However, the shape of the O 1s signal in the used and dried (B0u-(d) ) sample was not modified on heating at 90
• C, while in the NF45u-d sample the relative intensity of O2 slightly decreased due to the thermal treatment. These results show the adsorption of water in both polyamide membranes during their use in streaming potential measurements, although in the experimental B0 membrane, which has a larger surface roughness, a larger amount of water is permanently retained in comparison with the NF45 membrane. For this reason, a portion of the adsorbed water can be more easily evolved on drying due to the lower surface roughness of membrane NF45. As expected, the N 1s signal of both membranes remains practically unchanged after the different modifications and can be used as a reference for the width and position of the different peaks.
Membrane/Solution Interface Characterization
Streaming potential measurements are commonly used for electrical characterization of solid/liquid interfaces. When an electrolyte solution is forced to move along to a charged solid wall by an external pressure ( P), the electrical potential or "streaming potential" ( ø st ) between the two ends of the system can be measured (51) . The hydraulic pressure causes movement of liquid and thus ions are stripped off along the shear plane, and a streaming current is formed; due to charge accumulation at the downstream side, an electrical field is generated that causes a backflow of ions until a steady state is reached. The measurable electrical potential difference between the two ends of the solid/liquid system, ø st , gives direct information about the electrokinetic charge at the shear plane (52) . Figure 7a shows the linear relationships between tangential streaming potential and applied pressure for the polyamide active layer of NF45 and B0 membranes measured at different salt concentrations. From the slopes of these straight lines the streaming potential coefficient, φ = ( ø st / P), was obtained, and its variation with salt concentration is shown in Fig. 7b . As can be seen, for both membranes |φ| values strongly decrease when the salt concentration increases.
A simple relation between the streaming potential and the potential at the shear plane or zeta potential (ζ ) can be obtained by the Helmholtz-Smoluchowski equation (51), ζ = (λ 0 η/ε 0 ε r )( ø st / P), [3] where λ 0 and η are the liquid conductivity and viscosity, respectively, ε 0 is the permittivity of vacuum, and ε r is the relative dielectric constant of the electrolyte solution. Equation [3] is valid only for weakly charged walls and wide channels or pores, when the surface conductivity and double layer overlapping can be neglected. In other cases, the surface conductivity (λ s ), which takes into account the contribution of the fixed charges to the shear plane, must be considered (51, 52). Although λ s cannot be determined experimentally, the ζ potential can be obtained by using the Fairbother-Mastin approximation if the resistances at the concentrations studied and at high concentrations (R c and R a , respectively) are known (49) ,
where h is the half-thickness of the channel, λ a 0 is the conductivity of the solution at high concentration, and the other parameters have already been defined. Variation of ζ potential with salt concentration is shown in Fig. 8a . As can be seen, membrane B0 presents a more negative character than membrane NF45 for the whole range of concentrations.
Surface charge density (σ s ) can be determined from ζ potential values by (51) [5] where k is the Debye length, and R and F are the gas and Faraday constants, respectively. Figure 8b shows variation of electrokinetic surface charge density (σ s ) for the polyamide active layer of both membranes as a function of the NaCl concentration. It can be observed that σ s values do not show any clear concentration dependence, and their average values for the concentration range studied are listed in Table 4 . The electronegative character of both membranes agrees with their weak cationexchange behavior already obtained from membrane potential measurements (39, 53) . The slight electrokinetic differences between both membrane samples (Table 4) with the higher roughness and impurity content of membrane B0.
The effect of membrane hydration on electrokinetic parameters was also studied. Figures 9 and 10 show a comparison of concentration dependence for both streaming potential coefficient and electrokinetic charge density for membranes NF45 and B0 determined from different series of measurements. Average σ s values for the whole range of concentrations for each series of measurements and membrane are also summarized in Table 4 . As can be seen, electrokinetic parameters for membrane NF45 strongly decrease as a result of membrane use, but for membrane B0 they are practically independent of the number of measurements. The differences found in the behavior of the polyamide layer of both membranes could be explained by taking into account AFM and XPS results. Stabilization of the membrane/solution interface can be achieved just in the first series of measurements for membrane B0 due to its high surface water adsorption previously determined from XPS results; however, for membrane NF45, polyamide hydration must oc -FIG. 9 . Variation of the streaming potential coefficient-concentration curves for the different series of measurements for NF45 and B0 membranes.
FIG. 10.
Variation of the electrokinetic charge density-concentration relationship for the different series of measurements for NF45 and B0 membranes (symbols have the same meaning as in Fig. 9 ). cur slowly, according to its lower roughness, because of which changes in the electrokinetic parameters would be taking place during measurements.
Differences in membrane hydration and surface roughness could explain the diversity in the values of electrokinetic parameters reported in the literature for similar membranes studied under the same hydrodynamic conditions and solution chemistry. According to this, XPS and AFM are two techniques that can help elucidate this observed diversity.
CONCLUSIONS
Characterization of both the surface and the solid/liquid interface of two nanofiltration membranes, NF45 and B0, has been carried out to correlate differences in interfacial parameters and behavior with chemical and/or morphological differences of the membrane surfaces. XPS data do not show significant chemical differences between the membranes but an increase in the oxygen content of samples of both membranes after contact with aqueous solutions was observed. This fact is attributed to polymer hydration, and it was not affected by membrane heating.
Strong differences in membrane surface roughness were determined from AFM measurements. Results show that the roughness of the experimental B0 membrane is around eight times higher than that of the commercial NF45 membrane. Changes in the electrokinetic parameters for membrane NF45 after successive measurements are attributed the a slow hydration of this membrane when compared with B0, in agreement with its lower roughness.
